1,2-Dichloroethane (1,2-DCA) and 1,1,2-trichloroethane (1,1,2-TCA) are regulated chloro-organic compounds that have been used extensively in industrial processes, 1,2-DCA primarily as a feedstock for plastics production (3) and 1,1,2-TCA as a degreasing agent (2) . Due to past storage and disposal practices, these compounds have entered into the environment, contaminating groundwater; 1,2-DCA was found in at least 570 of 1,585 National Priorities List (NPL) sites identified by the U.S. Environmental Protection Agency (3), whereas 1,1,2-TCA was found in at least 45 of the NPL sites (2) . This raises concern because of the potential effects of these compounds on the nervous system, the liver, the kidneys, and the lungs (2, 3) . Fortunately, it has been observed that both compounds are susceptible to biodegradation, under aerobic (5, 23, 28, 32, 47) , cometabolic (6, 11, 12, 17, 20, 24, 30, 48) , and anaerobic (9, 10, 18, 33, 36, 38, 44, 52) conditions. Therefore, bioremediation is potentially a viable option for removing these compounds from contaminated sites.
Anaerobic processes are attractive for in situ bioremediation because oxygen does not need to be introduced into the subsurface. Although the anaerobic degradation of chlorinated ethenes (e.g., tetrachloroethene [PCE] and trichloroethene [TCE] ) has been intensely studied over the last decade, less work regarding the degradation of chlorinated ethanes has been reported, despite their widespread presence in the environment. Nonetheless, investigations into the organisms involved in the anaerobic removal of 1,2-DCA and 1,1,2-TCA have begun to reveal bacterial populations that can dechlorinate these compounds through a respiratory process, whereby dechlorination is linked to growth. Dehalococcoides sp. strains 195 (39) and BAV1 (25) and Desulfitobacterium dichloroeliminans strain DCA1 (9) can grow during the dichloroelimination of 1,2-DCA, whereas only strain DCA1 has been shown to grow through the dichloroelimination of 1,1,2-TCA (9) . Since many other bacteria can respire with various chlorinated compounds (see, for example, references 1, 4, 13, 21, 29, 37, 40, 49-51, and 56) , it is likely that there exist other organisms that can respire with 1,2-DCA and 1,1,2-TCA. However, their identification may be limited by culturing and isolation challenges. A means to overcome these challenges is to use culture-independent molecular techniques to study the organisms involved in dechlorination.
In the present study, we examined a set of previously uncharacterized anaerobic enrichment cultures (7) , with the purpose of determining the microorganisms implicated in the biodegradation of 1,2-DCA and 1,1,2-TCA. These enrichment cultures were derived from a former chlorinated solvents disposal facility that was contaminated with large amounts of 1,2-DCA and 1,1,2-TCA. 16S rRNA gene cloning, denaturing gradient gel electrophoresis (DGGE), and real-time quantitative PCR (qPCR) were used to delineate the roles of two putative dechlorinating organisms: a Dehalobacter-like species and a Dehalococcoides-like species. Differences in dechlorination-dependent growth on 1,2-DCA and 1,1,2-TCA were demonstrated for these two species. This report adds to the understanding of the organisms involved in the degradation of chlorinated ethanes, an understanding that will be required for the successful application of bioremediation for removing 1,2-DCA and 1,1,2-TCA from the environment.
MATERIALS AND METHODS
Establishment of enrichment cultures and subcultures. Anaerobic microcosms were constructed in 1999 with groundwater and solids from a multilayered aquifer at a former chlorinated solvent disposal facility in West Louisiana (WL), USA (7) . This site was contaminated with 1,2-DCA and 1,1,2-TCA at high concentrations (Ͼ0.30 mM), as well as various other chlorinated ethenes and methanes. Aquifer material and groundwater were anaerobically transferred to sterile bottles, purged with N 2 /CO 2 (80%/20%) to remove volatile organic compounds, and then amended with an electron donor mixture of methanol, ethanol, acetate, and lactate and 1,2-DCA and 1,1,2-TCA as electron acceptors. Microcosms and subsequent cultures were maintained statically in an anaerobic chamber (Coy Laboratory Products, Madison, WI) filled with a CO 2 /H 2 /N 2 (10%/ 10%/80%) gas mix. After dechlorination activity was observed, transfer cultures were prepared in defined anaerobic mineral medium containing trace minerals and vitamins (16) . These transfer cultures were amended with either 1,2-DCA only (WL/1,2-DCA,), 1,1,2-TCA only (WL/1,1,2-TCA), or both (WL/Mix) at initial aqueous concentrations ranging from 0.08 to 0.20 mM. Ethanol was provided to these cultures as electron donor at concentrations ranging from 0.13 to 0.67 mM, representing approximately 10 times the electron equivalents required for dechlorination, assuming two electron equivalents of donor are required per dechlorination step and that ethanol provides 12 electron equivalents per mole. When dechlorination ceased, 20 to 50% of the culture was replaced with fresh mineral medium. These subcultures have been maintained in butyl rubber-stoppered 2-liter bottle batch culture since 2002.
Substrate range study. The ability of the three WL subcultures to degrade selected chlorinated ethanes and ethenes over a 6-week period was tested. A series of duplicate screw-top vials (45 ml) with Mininert septa (VICI Precision Sampling, Baton Rouge, LA) were filled with 10 ml of mineral medium and 10 ml of appropriate WL subculture. Vials were amended with appropriate chlorinated electron acceptor at an aqueous concentration of 0.06 to 0.10 mM and ethanol as electron donor (0.45 mM). Tested chlorinated compounds included: 1,2-DCA, 1,1,2-TCA, 1,1,1-trichloroethane (1,1,1-TCA), tetrachloroethene (PCE), trichloroethene (TCE), cis-dichloroethene (cDCE), and vinyl chloride (VC). Uninoculated controls were prepared for each electron acceptor.
16S rRNA gene cloning and PCR-DGGE. Bacterial 16S rRNA genes were cloned from WL subcultures to determine the present community members. The UltraClean Soil DNA Kit (Mo Bio Laboratories, Inc., Solana Beach, CA) was used to extract total genomic DNA from pelleted culture according to the manufacturer's alternative protocol for maximum yields. Bacterial 16S rRNA genes were selectively amplified from the purified DNA by PCR using the forward primer 27f and the reverse primer 1492R (55) . PCR was performed in triplicate 50-l reactions containing 1ϫ ThermoPol PCR buffer (New England Biolabs, Mississauga, Ontario, Canada), 0.5 M concentrations of each primer, 0.5 mM deoxynucleoside triphosphates, 1.5 U of Taq DNA polymerase (New Englands Biolabs), and 50 ng of DNA. The conditions used for PCR amplification were as follows: initial denaturation at 94°C for 5 min and then 25 cycles of (denaturation 94°C for 30 s, primer annealing at 52°C for 30 s, and chain extension for 1 min at 72°C), followed by a final extension at 72°C for 10 min. A PTC-200 thermocycler (MJ Research, Inc., Waltham, MA) was used for PCR. Triplicate reactions were combined and cloned with the TOPO TA cloning kit (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's protocol. Positive clones (42 clones) were sequenced by the University Health Network Research DNA Sequencing Facility (Toronto, Ontario, Canada) with the primer 27f, and then the sequence closest match was identified with the blastn utility of GenBank.
PCR for DGGE of amplified bacterial 16S rRNA gene fragment was performed according to the protocol described by Muyzer et al. (43) , except that 30 PCR cycles were carried out per reaction, and each subculture DNA template was amplified in triplicate reactions. The same PCR conditions were used to amplify the internal fragment of cloned 16S rRNA genes (from cloning study above) to putatively identify bands in the DGGE gel. Triplicate reactions were pooled and amplicons were separated by DGGE as previously described (15) , except that the gradient ranged from 30 to 60% denaturant.
Starvation and reamendment experiment. WL/1,2-DCA subculture was centrifuged for 30 min at 4°C at 8,100 ϫ g in an Avanti-J-20 XP centrifuge (Beckman-Coulter Canada, Mississauga, Ontario, Canada) equipped with a JCA-8.1000 rotor. The supernatant was anaerobically decanted, and the pellet was resuspended in fresh mineral medium. Aliquots of this suspension were transferred to a sterile, anaerobic media bottle (1 liter). The suspension was diluted with additional mineral medium, and the bottle was sealed. This was purged for 1 h with N 2 and CO 2 to remove residual H 2 from the anaerobic chamber atmosphere and stored in the dark in the chamber. After 170 days without amendment with carbon source, electron donor, or electron acceptor, 66-ml aliquots were transferred to each of three screw-top bottles (250 ml), which were purged for 30 min with N 2 and CO 2 . Two bottles were amended with neat 1,2-DCA (initial aqueous concentration 0.3 mM), whereas the third bottle was left unamended (no electron acceptor control). After a 4-h equilibration period, sodium acetate (from a sterile aqueous stock, to an initial concentration of 5 mM) and 1.5 kPa of H 2 and CO 2 (80 and 20%, respectively) were added to all bottles. After the 1,2-DCA was ϳ80% degraded in the 1,2-DCA-amended bottles (285 h after 1,2-DCA amendment), 10 ml of culture was removed from each bottle, centrifuged for 40 min at 2000 ϫ g, and the DNA was extracted from the pellet with UltraClean Soil DNA Kit. The bacterial community was then analyzed by PCR-DGGE.
Time course experiments. Growth of putative dechlorinating microorganisms during degradation of 1,1,2-TCA was monitored. This experiment was conducted twice (October 2004 and January 2005). Screw-top bottles (250 ml) with Mininert septa were filled with 150 ml of mineral medium. Replicate bottles were amended with neat 1,1,2-TCA (initial aqueous concentration of 0.3 mM) and ethanol (initial aqueous concentration of 0.26 mM). Other bottles were amended with ethanol only, as a no-electron-acceptor control. WL/1,1,2-TCA culture was added at a 1 or 0.1% (vol/vol) inoculum. At this time point (T ϭ 0), 50 ml of culture was removed for DNA extraction. DNA was subsequently extracted from 50-ml samples from all bottles when all of the 1,1,2-TCA was degraded to VC (time point T ϭ 1) in the 1,1,2-TCA-amended bottles, when the VC was ϳ75% degraded (time point T ϭ 2), and when the VC was fully degraded (time point T ϭ 3). For the October 2004 experiment, DNA was only extracted at the start of the experiment (T ϭ 0), when 1,1,2-TCA had degraded to VC (T ϭ 1), and when the VC was completely degraded (T ϭ 3). All bottles were reamended twice with ethanol during VC degradation to prevent electron donor shortage.
Similar time course experiments were prepared for the degradation of 1,2-DCA in January and April 2005, except that bottles initially contained 200 ml of mineral medium, replicates were amended with neat 1,2-DCA (initial aqueous concentration of 0.4 mM) and ethanol (initial aqueous concentration of 0.85 mM), and WL/1,1,2-TCA was added at an 0.5% (vol/vol) inoculum. Ethanol-only controls were also used. DNA was extracted at the beginning of the experiment (T ϭ 0), at two points during degradation (T ϭ 1 and T ϭ 2), and after degradation of 1,2-DCA was complete (T ϭ 3). If degradation stalled, ethanol was added to all treatments.
For DNA extractions, culture was transferred to conical centrifuge tubes (50 ml) (Fisher Scientific, Toronto, Ontario, Canada) and centrifuged at 2,300 ϫ g for 50 min at 4°C. The pellet was collected and DNA extracted with the UltraClean Soil DNA Kit according to the manufacturer's alternative protocol, except that the DNA was finally eluted with 5 mM Tris-HCl (pH 8.0). The copies of Dehalobacter and Dehalococcoides spp. 16S rRNA genes in the extracted DNA were analyzed by qPCR (see below).
The growth yield of each organism was determined by assuming a near-100% DNA extraction efficiency (14) . Yield was calculated by first determining how many moles of the chlorinated compound were degraded between two time points considering both liquid and headspace in the bottle and taking into account mass removed with DNA extraction. Changes in 16S rRNA gene copy number were calculated for the same time periods. A yield of gene copies per mole of compound degraded was then determined.
qPCR. qPCR for enumerating copies of Dehalobacter sp. and Dehalococcoides sp. 16S rRNA genes in extracted DNA was conducted with an Opticon 2 (MJ Research) thermocycler and SYBR Green JumpStart Taq ReadyMix (SigmaAldrich Co., St. Louis, MO). Each 30-l reaction contained 15 l of SYBR Green JumpStart Taq ReadyMix, 11.8 l of sterile water, 2 l of DNA template, and each forward and reverse primer at 0.5 M. For Dehalococcoides-specific qPCR, the primers 1F and 264R (27) were used, and the thermocycling program was as follows: initial denaturation for 10 min at 94°C; 45 cycles of denaturation at 94°C for 30 s, annealing at 59°C for 30 s, and extension at 72°C for 30 s; and a final melting curve analysis from 72 to 95°C, measuring fluorescence every 0.5°C. Primers specific to the Dehalobacter sequence identified in the culture were designed by aligning this sequence with Dehalobacter 16S rRNA gene sequences from the GenBank database. For Dehalobacter-specific qPCR, similar conditions were used, except the primers used were DHB477f (5Ј-GATTGAC GGTACCTAACGAGG-3Ј) and DHB647r (5Ј-TACAGTTTCCAATGCTTTA CGG-3Ј), and the annealing temperature was 63°C. Calibration was performed with serial dilutions of a known quantity of one of either Dehalococcoides or Dehalobacter 16S rRNA gene-containing plasmids generated in the cloning study described above. The detectable range for qPCR for both targeted 16S rRNA genes was 4 ϫ 10 3 to 4 ϫ 10 8 16S rRNA gene copies/reaction. DNA concentrations were determined with UV absorbance or with Picogreen (Molecular Probes, Eugene, OR). Differences between 16S rRNA gene copies/ml at differ- (14) , except that to resolve chlorinated ethanes the oven temperature was programmed to hold at 50°C for 90 s and then to increase to 180°C at 60°C/min with a final hold at 180°C for 5 min.
For substrate range experiments, chlorinated ethanes, ethenes, methane, and ethene were analyzed in a 1-ml liquid sample that was mixed with 5 ml of acidified water in a headspace vial (10 ml) and crimp-sealed with a Teflon-coated silicone septum (Agilent, Mississauga, Ontario, Canada). Samples were analyzed with an HP 7694 headspace sampler (Hewlett-Packard, Mississauga, Ontario, Canada) connected to a HP 5890A gas chromatograph (Hewlett-Packard) fitted with the same GSQ column and a flame ionization detector. Headspace sampler settings were as follows: oven temperature at 70°C, loop temperature at 80°C, transfer line at 90°C, gas chromatograph cycle time of 35 min, vial equilibration time of 45 min, pressurization time of 0 min, loop fill time of 0.2 min, loop equilibration of 0 min, injection time of 3 min, vial pressure at 17.3 lb/in 2 , and carrier pressure at 9.4 lb/in 2 . The gas chromatograph oven temperature was programmed to hold at 35°C for 2 min, then to increase to 100°C at 10°C/min, then to increase to 185°C at 6°C/min, and finally to hold at 185°C for 1.34 min. Calibration of 1,2-DCA, 1,1,2-TCA, 1,1,1-TCA, 1,1-dichloroethane (1,1-DCA), monochloroethane (CA), cDCE, TCE, and PCE was performed with aqueous external standards prepared gravimetrically from neat or methanolic stock solutions. VC was added to these external standards via a gastight syringe. Ethene and methane were calibrated with a 1% gas mixture (Scotty II; Alltech Associates, Inc.).
Accession numbers. The cloned Dehalobacter and Dehalococcoides 16S rRNA gene sequences identified in these cultures were deposited in GenBank with the following accession numbers: Dehalobacter sp. strain WL, DQ250129; and Dehalococcoides sp. strain WL, AY882434.
RESULTS
Subculture degradation characteristics and community analysis. Three methanogenic WL subcultures have been maintained for Ͼ2.5 yrs with the addition of only the chlorinated ethane(s) and ethanol. In the WL/1,2-DCA subculture 1,2-DCA is transformed to ethene via dichloroelimination, whereas in the WL/1,1,2-TCA subculture 1,1,2-TCA is first transformed to VC via dichloroelimination, and then VC is reductively dechlorinated to ethene. In the WL/Mix subculture, 1,2-DCA and 1,1,2-TCA are simultaneously transformed via dichloroelimination to ethene and VC, respectively. In mid-2003 this subculture lost the ability to degrade VC; thus, VC accumulates in these bottles in molar amounts equivalent to the 1,1,2-TCA added.
Substrate range studies were performed on these three subcultures to test their ability to degrade select chlorinated ethanes and ethenes. WL/1,2-DCA and WL/1,1,2-TCA performed similarly, degrading 1,2-DCA, 1,1,2-TCA, PCE, TCE, cDCE, and VC completely to ethene at the tested concentrations. In contrast, the WL/Mix subculture could dichloroeliminate 1,2-DCA to ethene and 1,1,2-TCA to VC but otherwise could only reductively dechlorinate TCE to cDCE. This culture did not dechlorinate PCE, cDCE, or VC. None of the three subcultures could degrade 1,1,1-TCA at the tested concentration during the observed time period.
To identify possible organisms directly involved in dechlorination through a dehalorespiratory process, bacterial 16S rRNA gene fragments were cloned for WL/1,2-DCA and WL/ 1,1,2-TCA with general bacterial primers. Only bacterial rRNA genes were targeted because our interest was to investigate organisms that degrade the chlorinated compounds through dehalorespiration, which is energy yielding and growth supporting. To date, no archaean has been shown to respire with chlorinated compounds, although cometabolic dechlorination has been observed. Therefore, it is possible that archaea are present in the culture and are contributing to dechlorination. Closest clone matches included: Clostridium (5 of 42 (29, 49, 56) and Dehalococcoides (8, 25, 26, 39) have previously been reported to reductively dechlorinate selected chlorinated ethanes and ethenes through a dehalorespiratory process. The Dehalobacter and Dehalococcoides sequences, in addition to being phylogenetically related to known dechlorinators (1,462/ 1,465-bp identity to Dehalobacter restrictus and 1,333/1,333-bp identity to D. ethenogenes strain 195, respectively), were among the most abundant in the clone libraries and were the brightest bands in DGGE analysis; therefore, subsequent analysis focused on these two phylotypes in the cultures.
A comparison of the bacterial community was performed for the three subcultures with PCR-DGGE using bacterial 16S rRNA gene-specific primers. The DGGE banding patterns differed between the subcultures (Fig. 1) . Of note, WL/1,1,2-TCA had both strong Dehalococcoides and Dehalobacter bands, whereas WL/1,2-DCA had a strong Dehalococcoides band but only a very weak Dehalobacter band, and WL/Mix had a strong Dehalobacter band but no detectable Dehalococcoides band.
Species-specific qPCR was used to further explore community composition differences revealed by DGGE. Total genomic DNA extracted from each culture was assayed for the Fig. 1 . DGGE evidence for 1,2-DCA-dependent growth. The presence of two putative dechlorinating organisms in WL subcultures raised the question of whether both were directly involved in degradation of the chlorinated ethanes on which the cultures had been enriched. To examine this issue, WL/ 1,2-DCA culture was first starved (denied exogenous electron donor or acceptor) for Ͼ5 months. Aliquots of this starved culture were then amended with either just H 2 -CO 2 or both H 2 -CO 2 and 1,2-DCA, so that organisms involved in dechlorination could be distinguished from those growing due to nondechlorination processes (e.g., acetogenesis). In the 1,2-DCA-amended bottles, dechlorination to ethene commenced within 4 h of amendment (data not shown) despite the starvation period and was 80% complete in 12 days. DGGE analysis (Fig. 2) revealed that the banding pattern after the culture was extensively starved was similar to that of the parent WL/1,2-DCA subculture (Fig. 1) . Despite no carbon source or electron donor or acceptor, the Dehalococcoides band persisted. Upon amendment with H 2 and CO 2 in one treatment bottle, an unknown band (band 1) appeared that was present in the parent subculture; this was probably an organism that can utilize H 2 directly, perhaps for acetogenesis, since there was no competition for H 2 by reductive dechlorination processes. With 1,2-DCA amendment, however, a unique band appeared: that of Dehalobacter. This indicated that this organism benefited from the presence of 1,2-DCA and thus was likely involved in dechlorination. qPCR for Dehalococcoides and Dehalobacter during starvation and reamendment with 1,2-DCA agreed with the DGGE data: during starvation, Dehalococcoides and Dehalobacter 16S rRNA gene copies decreased 3-and 108-fold, respectively; during reamendment, Dehalococcoides and Dehalobacter 16S rRNA gene copies increased 3-and 150-fold, respectively (data not shown). 1,1,2-TCA and 1,2-DCA degradation time course experiments. Given the indication by DGGE that Dehalobacter was involved in 1,2-DCA degradation, a more quantitative demonstration of this activity, as well as an explanation of the role of Dehalococcoides in the WL subcultures, was sought. For this purpose, time course experiments, in which the Dehalobacter and Dehalococcoides populations could be monitored during degradation, were performed. For consistency, only the WL/ 1,1,2-TCA culture was used here. Treatments amended with either just electron donor (ethanol) or electron donor and electron acceptor were prepared. DNA was extracted from both treatments at the beginning of the experiment and at several points during degradation of the chlorinated compounds. The extracted DNA was then analyzed for the presence of Dehalobacter and Dehalococcoides 16S rRNA genes by qPCR. No degradation of the tested chlorinated compounds was observed in uninoculated controls.
1,1,2-TCA-degradation time course experiments were performed twice over 4 months, with two different inoculum dilutions of WL/1,1,2-TCA tested. The 1,1,2-TCA degradation curves for both the October 2004 (1/100 and 1/1,000 inocula) and January 2005 (1/100 inoculum) experiments are shown in Fig. 3 . After a period of several days, 1,1,2-TCA was quickly and completely dichloroeliminated to VC. At this point DNA was extracted from an aliquot from all treatments. VC degradation proceeded very slowly, with a lag of 6 to 11 days between completion of 1,1,2-TCA dichloroelimination and the start of VC reductive dechlorination. Complete conversion of VC to ethene took 25 to 40 days. Methanogenesis was absent during 1,1,2-TCA conversion but generally commenced several days prior to the start of VC degradation. The large drop in mass after T ϭ 0 is due to the removal of 50 ml of culture (one-third of total culture volume) for DNA extraction. The variation in compound concentrations in Fig. 3C was an artifact of the asynchronous degradation of 1,1,2-TCA and VC in the three biological replicate bottles during that experiment.
The change in concentration of Dehalobacter and Dehalococcoides 16S rRNA genes during the conversion of 1,1,2-TCA to VC and then to ethene for individual experimental bottles is shown in Fig. 4 . During the initial dichloroelimination of 1,1,2-TCA to VC, Dehalobacter 16S rRNA gene copies increased by over an order of magnitude, whereas Dehalococcoides did not change. During subsequent VC dechlorination there was no significant change in the Dehalobacter population, whereas Dehalococcoides increased by over 2 orders of magnitude. After 1,1,2-TCA was fully degraded, Dehalobacter reached a concentration of 10 7 to 10 8 16S rRNA gene copies/ml; after VC was fully degraded, Dehalococcoides consistently reached a concen- tration of 10 7 16S rRNA gene copies/ml. Relative to the 1,1,2-TCA-amended bottles, no significant growth of either organism was observed in the bottles amended with ethanol only, verifying that indeed a chlorinated compound is required by both organisms as an electron acceptor for growth.
In the 1,2-DCA time course experiments, there was a substantial delay (ϳ18 days) before dichloroelimination commenced (Fig. 5) . It should be noted that, prior to these experiments, the WL/1,1,2-TCA subculture used for inoculation had not been exposed to 1,2-DCA since the subculture was established 2.5 years ago. Once degradation commenced, however, it proceeded completely, with 0.4 mM 1,2-DCA being converted to ethene within 20 days. In addition, methanogenesis was absent throughout 1,2-DCA conversion, and no CA was detected. The variation in compound concentrations in Fig. 5B was an artifact of the asynchronous degradation of 1,2-DCA in the three replicate bottles during that experiment. During dechlorination, both Dehalobacter and Dehalococcoides 16S rRNA gene copies increased 1 to 2 orders of magnitude, although there was considerable variability between replicate bottles (Fig. 6) . As in the 1,1,2-TCA degradation experiments, no significant growth of either organism was observed in bottles amended with only ethanol.
Given the lack of growth of Dehalococcoides during the dichloroelimination of 1,1,2-TCA and the lack of growth of Dehalobacter during VC reductive dechlorination, yields on each compound could be determined by calculating the actual amount of dechlorination that occurred between the extraction time points, taking into account substrate mass loss due to culture volume removed for DNA extraction. The Dehalobacter yield was 3.07 (Ϯ2.88) ϫ 10 8 16S rRNA gene copies/ mol 1,1,2-TCA degraded (n ϭ 7), while the Dehalococcoides yield was 8.68 (Ϯ2.62) ϫ 10 7 16S rRNA gene copies/mol VC degraded (n ϭ 7). The latter value agrees closely with the yield reported by He et al. (25) for strain BAV1, but it is 50% lower than that reported for strains VS (8) and KB-1/VC (14) . Due to the simultaneous growth of Dehalobacter and Dehalococcoides during 1,2-DCA degradation, it was not possible to determine individual yields on 1,2-DCA, since it was not known how much 1,2-DCA was transformed by each organism. However, based on the overall yield of the two putative dechlorinating organism, it was determined that Dehalobacter accounted for Ͼ95% of 16S rRNA gene copy yield.
DISCUSSION
For the last decade the study of the stepwise degradation of chlorinated ethanes and ethenes has concentrated on isolates, with particular focus on members of the genus Dehalococcoides that are capable of degrading chlorinated ethenes. Dehalococcoides sp. strains 195 (39), BAV1 (25) , FL2 (26) , VS (8) , and KB-1/VC (14) can all grow through the stepwise reductive dechlorination of PCE or its by-products, but none can fully degrade PCE to ethene. Therefore, in mixed cultures that can fully degrade PCE to ethene, two or more organisms are likely involved. Isolates of the genera Dehalobacter (29, 56) , Desulfitobacterium (13, 21, 40, 51) , Desulfuromonas (50) , and Sulfospirillum (37) can grow through the dechlorination of PCE or TCE to cDCE, but dechlorination does not proceed further. Here it has been found that in the WL cultures dechlorination of 1,1,2-TCA proceeds through an analogous situation: 1,1,2-TCA was initially transformed to VC by a Dehalobacter sp., but VC was only degraded by the Dehalococcoides sp., as each organism only grew significantly during the respective dechlorination steps. To our knowledge, this is the first demonstration by molecular techniques that the complementary action of two dechlorinating organisms is required for the complete detoxification of a chlorinated ethane or ethene. Conversely, the growth of both Dehalobacter and Dehalococcoides during the degradation of 1,2-DCA points to a very different situation, where two organisms are competing for the same growth substrate. It is interesting that after years of enrichment two "competing" strains are both abundant, suggesting slightly different niches exist for each and not direct competition. One possible difference between these organisms is their respective decay rates. Upon starvation, Dehalobacter numbers decreased more significantly than did Dehalococcoides, indicating that Dehalococcoides may be more resistant to periods of adverse growth conditions. Alternatively, the two organisms may have optimal growth rates at different concentrations, i.e., one grows faster at a high substrate concentration and the other at a low substrate concentration. Although 16S rRNA gene PCR-DGGE is often used to explore the spatial and temporal variation in microbial populations, complex samples can make it difficult to draw clear conclusions from these analyses. Enriched cultures, with fewer microbial species, allow for more manageable analyses, and thus true differences in populations can be more easily observed. Extensively starving the enrichment cultures helps to decrease the background organisms, such that, upon amendment of the targeted compound, only organisms directly benefiting from the compound should grow initially and thus be detectable as a band difference by DGGE. A limitation of this method is that if an organism can persist despite starvation, its growth upon reamendment will not be detectable through the differential appearance of a band, as was seen here for Dehalococcoides (Fig. 2 ). An alternative may be to use reversetranscribed RNA as a template for PCR-DGGE instead of DNA, with the assumption that metabolically active organisms will have more ribosomes than nonactive ones (19) . Other authors have found various results with this method (22, 35, 41) ; preliminary studies in our lab have shown no distinct differences between using DNA or RNA as a template for PCR-DGGE.
Although DGGE was useful for demonstrating the dechlorination-linked growth of Dehalobacter in the WL/1,2-DCA culture, qPCR gave a much clearer result, since it revealed that both the Dehalobacter and the Dehalococcoides spp. grew during 1,2-DCA degradation and that growth of both organisms was dependent on the presence of 1,2-DCA. The usefulness of qPCR was also demonstrated by being able to distinguish differential growth of the two organisms during the two-step degradation of 1,1,2-TCA. Furthermore, this was done in the context of an undefined mixed culture, which highlights that one of the biggest advantages of qPCR is the ability to quantify single templates in a mixture. The technique can be expanded to monitor multiple organisms over time and across treatments to indicate functional roles in the culture, as long as the function is linked to growth. The technique would not detect cometabolic dechlorination by methanogens or acetogens.
A caution involved in the use of qPCR is that relatively similar copy concentrations may be indistinguishable due to error inherent in the technique. Although an increase in copy concentration from 10 4 16S rRNA gene copies/ml to 10 7 copies/ml due to dehalorespiration represents virtually the same increase in biomass as an increase from 1 ϫ 10 7 copies copies/ml to 2 ϫ 10 7 copies/ml, far more confidence can be placed in the former result because of the change of 3 orders of magnitude. Therefore, a relatively deep starting dilution is required to observe unequivocal increases in gene copy number and thus evidence of growth.
The 16S rRNA gene sequence of the Dehalococcoides WL strain was indistinguishable from that of Dehalococcoides strain 195. Interestingly, Dehalococcoides WL grew during dechlorination of VC to ethene, while this step is cometabolic in strain 195, illustrating, as others have, the lack of discrimination provided by the 16S rRNA gene sequence. Dehalococcoides sp. strain WL is similar to other Dehalococcoides tested in its ability to dichloroeliminate 1,2-DCA to ethene but not 1.1,2-TCA to VC. The underlying reason for this substrate specificity is yet to be determined but may be related to the complement of dehalogenase genes acquired by each specific strain (31, 34, 42 ; A. Waller et al., in press).
The demonstration of growth of the Dehalobacter sp. WL strain during dichloroelimination of 1,2-DCA and 1,1,2-TCA has not been previously reported for this genus. The three known Dehalobacter isolates described to date have been re- (45) . We have begun to identify putative dehalogenase genes using these and other degenerate primers (34) in order to elucidate the unique dichloroelimination activity of this Dehalobacter sp. WL strain, and isolation efforts are continuing to obtain a pure culture. The WL/Mix culture's ability to only reductively dechlorinate TCE to cDCE starkly contrasts with the ability of the WL/1,2-DCA and WL/1,1,2-TCA subcultures to completely degrade PCE to ethene. As shown by DGGE and qPCR, this difference is likely attributable to a lack of a Dehalococcoides sp. in the WL/Mix subculture and indicates that the Dehalobacter in these cultures can only dechlorinate TCE to cDCE.
In summary, it has been shown that in an anaerobic 1,1,2-TCA-dechlorinating enrichment culture, two distinct organisms are required for the complete conversion of 1,1,2-TCA to ethene and that the presence of multiple dechlorinating organisms in multiple genera significantly enhances the substrate range of the mixed culture. This also emphasizes the advantage of using mixed cultures rather than a pure culture for bioaugmentation for site remediation: the complementary substrate ranges of multiple dechlorinating organisms can improve the potential for remediation of sites that are contaminated with multiple chlorinated compounds that would otherwise be inhibitory or recalcitrant to a single dechlorinating organism.
